Introduction
Gas transport properties of polymers are often correlated with their free volume defined as the excess volume which can be redistributed without energy change [1] . Average free volume can also be understood as a parameter representing the volume within the polymer, which is unoccupied by polymer chains [2] . Based on the free volume theory by Cohen and Turnbull [3] , a relationship between coefficient of gas diffusion in polymer, , and polymer fractional free volume, FFV, has been established:
According to the solution-diffusion model of gas transport in nonporous materials, product of diffusion, , and solubility, , coefficients gives permeability, , that is, gas flux through polymer film normalized by its thickness and pressure difference between both film sides. Since varies with free volume much less than does, it can be assumed that changes in permeability are similar to those in diffusivity [2, 4] . If systems under investigation satisfy such assumption, that is exactly valid for light/inert gases such as helium or hydrogen, the following relationship between polymer permeability and fractional free volume should apply:
and the value of coefficient in (2) should be similar to that of from (1) . In many works, the validity of these equations in describing and predicting gas transport properties of polymers has been investigated. There are studies showing that FFV correlates reasonably well with and of polymers [5] [6] [7] [8] . When larger discrepancies between experimental results and theory were obtained, errors in FFV estimation or differences in FFV distribution across materials, which are not taken into account in (1) and (2), have been proposed as a possible explanation [9] . On the other hand, the behavior opposite to that predicted by the theory has been demonstrated. For example, it was found that insertion of some side-chains into polymer structure results in lower permeability despite the fact that FFV increases [10] . The authors explained this rather surprising effect by 2 International Journal of Polymer Science the fact that parallel to the FFV increase, side-chain insertion decreased the chain mobility as demonstrated by the enhanced glass transition temperature, g , of those materials. Since the latter effect prevailed, diffusion and permeability coefficients were found to decrease. Apart from FFV and g , cohesive energy density, CED, is another polymer property that can be correlated with gas transport. It was shown by Meares that activation energy of diffusion, d , is proportional to CED of a polymer in which diffusion takes place [11] . This fact implies that diffusion coefficient and also permeability coefficient due to the relation = are both affected by CED.
Cohesive energy ( coh ) of a substance is defined as an increase in internal energy per mole of a substance if all intermolecular forces are eliminated [12] . Thus, it is a measure of intermolecular forces strength. Dividing coh , expressed in J mol −1 , by molar volume of a substance (cm 3 mol −1 ), one obtains another property, cohesive energy density (CED) (J cm −3 ) [12] . It was found that linear correlations of transport parameters with variables accounting simultaneously for both CED and FFV can give better results than the respective correlations with FFV or CED alone [13] [14] [15] [16] . Alentiev and Yampolskii proposed the following relationship between , CED, and FFV [13] :
As shown by the authors, this relationship, though not derived theoretically, corresponds to the experimental observations that permeability of polymers is an increasing function of FFV and a decreasing function of CED. They also pointed out that the proposed equation does not contradict the physics of the diffusion process expressed by (i) the fundamental relationship of Cohen and Turnbull and (ii) Meares relationship predicting a linear dependence of ln on CED when incorporated into the Arrhenius expression. Recently, we presented the correlations between gas permeability and fractional free volume for a series of ethylenevinyl acetate (EVA) copolymers and their blends, varying in the vinyl acetate (VA) content [17] . In our work, we demonstrated that the experimental points obtained for most of the gases tested could not be satisfactorily approximated by a linear function of 1/FFV. We proposed that the scatter of the points from linear behavior could be explained by the differences in FFV distribution in the EVA materials, which are not considered in (2) . However, deeper insight into the observed phenomena has revealed that the deviations of the experimental data from theory may result from the differences in cohesive energy density among the investigated materials.
Therefore, in this paper an approach developed by Alentiev and Yampolskii [13] has been applied to interpret the results concerning gas transport in this group of polymer materials. While permeabilities of He, O 2 , N 2 , and CO 2 in the EVA copolymers and blends and their physical characterizations have been reported in our previous work [17] , diffusivity and solubility data obtained to clarify the issue are presented here for the first time.
Most of the EVA materials studied are semicrystalline materials, though the highest crystallinity degree did not exceed the value of 12% [17] . Crystallites are generally assumed to be nonpenetrable for small molecules and to constitute a hindrance to their motion through the system [4] . Michaels and Bixler [18] showed that for semicrystalline polyethylene gas solubility coefficient is directly proportional to the amorphous volume fraction of polymer, :
where am is the solubility coefficient in completely amorphous material. To account for reduction of diffusion constant in semicrystalline polyethylene below the value expected for the totally amorphous polymer, Michaels and Parker [19] proposed two impedance factors, according to the expression
where am is the diffusion coefficient in completely amorphous material, is a geometrical impedance (tortuosity) factor, and is an immobilization factor. The tortuosity factor is a measure of the lengthening of the diffusive pathway associated with the necessity of molecules to bypass the crystallites, while represents the reduction in amorphous chain segment mobility in the vicinity of crystallites. Lasoski Jr. and Cobbs Jr. [20] studied permeability of polyethylene, poly(ethylene terephthalate), and nylon 610 to water vapor and found that increased as the polymer amorphous fraction was increased, following the relation
Thus, assuming the validity of (4), one can obtain that = am .
Equations (4), (6) , and (7) are generally accepted as a first approximation of transport parameters in semicrystalline polymers [4] , if any data concerning impedance factors are available. In this work, (6) and (7) have been applied to correlate permeability and diffusivity constants, and the validity of using them seems to be legitimate due to a very low volume fraction of crystallites in the EVA materials studied. The application of the free volume-based model taking into account CED of the EVA materials along with new experimental findings has provided the basis of discussion of the differences in permeation behavior observed for different gas permeants.
Experimental

Materials and Membranes Formation.
All membranes used for gas transport measurements were prepared from commercial EVA copolymers or from their mixture according to the procedure presented in our previous work [17] . The following EVA copolymers, EVA25, EVA31.5, EVA40, EVA46, EVA70, and the miscible blends of various compositions prepared from EVA31.5 and EVA70 [17] were studied.
Measurements.
Measurements of CO 2 and N 2 transport in the EVA materials were performed at 22 ∘ C using constant volume system. The procedure employed during measurements, adapted from literature [21] , was as follows: after putting membrane into permeation cell, both upstream and downstream sides were evacuated (to pressure lower than 1 mmHg) and membrane was allowed to degas overnight. Directly before measurement, leak rate (i.e., pressure increase caused by the leakage of air into nonperfectly sealed system) was monitored. After that, feed gas was allowed to contact the membrane at pressure (6 ± 0.1) bar and pressure increase, in the range 0-10 mmHg, in the downstream side was recorded using 820 G Series absolute pressure sensor. The process was conducted to achieve steady-state flux. Diffusion coefficients were calculated using the following formula:
where is the membrane thickness and is the time lag, that is, time obtained by extrapolation of the steady-state part of a pressure-time curve to = 0 ordinate. Permeability coefficients, , were determined using the following formula:
where d is the downstream volume (cm 3 ), 2 and 1 are feed and permeate pressure (cmHg), respectively, is the membrane area (cm 2 ), R is the gas constant (cmHg cm 3 cm −3 (STP) K −1 ), is absolute temperature (K), at which measurements were carried out, and is time (s). The index "ss" means that the value of pressure increase with respect to time (cmHg s −1 ) was taken at steady-state conditions (to calculate this derivative, a part of a curve from 10 to 20 time lags was used), and the index "leak" refers to the rate of pressure increase during leak tests. In each experiment, leak rate was lower than two percent of the steady-state flux. Additionally, measurements of the helium permeation rates were repeated, which allowed for more accurate data to be obtained since the previous paper [17] , and these data are used here.
Measured quantities were recalculated for fully amorphous material using the data concerning volume fraction of the amorphous phase, taken from the previous work [17] , and the formulae given by (6) and (7) . The degree of crystallinity (1 − ) estimated for those materials ranged from 0.12 to 0 for EVA copolymers and from 0.09 to 0.02 for EVA blends.
From permeability and diffusivity data, gas solubility in the amorphous phase was obtained using the relationship that results from the solution-diffusion model: collected by Fedors and presented by van Krevelen [12, 22] . The respective values in J mol −1 were used: 4940 for -CH 2group, 17370 for -CO-, 3350 for -O-, 4710 for -CH 3 , and 3430 for -CH<. From these data, contributions of ethylene, coh (Et), and vinyl acetate, coh (VA), units were calculated. Assuming that the repeat unit of EVA contains vinyl acetate and (1 − ) ethylene units, cohesive energy of EVA was calculated as
To obtain CED, the above equation was divided by molar volume given by the following expression:
where is the molar mass of a particular unit and is the density of a given copolymer, recalculated for its amorphous fraction, which was taken from the previous work [17] . The same procedure was used to calculate CED of the EVA blends, for which VA content was taken as 70 EVA70 + 31.5(1 − EVA70 ), where EVA70 is the weight fraction of EVA70 in its blend with EVA31.5. The obtained CED values, along with the FFV ones calculated previously [17] , were used to calculate the CED/FFV ratio for each EVA material. It can be seen from this figure that CED increases monotonically with vinyl acetate content. This effect can be easily explained by the high cohesive energy of a vinyl acetate unit, due to a very high coh of the carbonyl group as demonstrated by the values listed in the previous section. Another quantity presented in Figure 1 , the reciprocal of fractional free volume (1/FFV), possesses a minimum value at 46% of vinyl acetate. Based on the cohesive energy density behavior, one might expect the monotonic decrease in the fractional free volume (thus monotonic increase in 1/FFV) without any extremum. However, some of the EVA materials contain crystalline parts, the fraction of which decreases from 0.12 for EVA25 to 0.02 for EVA 46 [17] . The increasing mobility of polymer chain segments caused by diminishing crystallinity between 25% and 46% of VA can be given as a reason for the increasing FFV values in this range. The curve representing dependence of CED/FFV on vinyl acetate content reflects the behavior of both CED dependence and 1/FFV dependence. Thus, in contrast to 1/FFV, CED/FFV ratio for copolymers decreases only slightly from 25 to 46% of VA. Considering the data shown in Figure 1 , it can be also noticed that CED/FFV value for EVA70 is nearly 22% higher than that for EVA25, whereas there is only a 3% difference in 1/FFV values between both materials. It means that these materials differ from one another much more than it appears from their 1/FFV quantities alone. From Figure 1 , it can also be seen that for the EVA blends all three quantities follow nearly linear dependence on VA content. Figure 2 presents the natural logarithm of EVA amorphous phase permeability as a function of CED/FFV values calculated in this work and as a function of 1/FFV values for comparison. Each CED/FFV or 1/FFV value refers to an individual EVA material as indicated on the top axis. For both models, one linear fit to the all experimental points was performed for a given gas. From the fit parameters, coefficients and present in (2) (ln = (1/FFV)) and coefficients and present in (3) (ln = (CED/FFV)) were calculated and collected in Table 1 . The values in Table 1 show that both and increase with a kinetic diameter of a gas molecule. This observation is consistent with the theory, which relates parameter ( ) to the size of a penetrant molecule [3] and with general trends reported for other systems [2, 13] . The explanation for such an effect is that larger gas molecules are more sensitive to changes in polymer structure (represented by changes in CED and FFV) than the smaller ones. When and parameters are plotted as a function of the gas molecule volume calculated using kinetic diameter values (Figure 3 ), linear correlations can be observed. Comparing the parameters resulting from linear fits to both data sets, one can notice a stronger dependence of on k 3 , expressed by a greater slope of the regression line (0.08 versus 0.05). This indicates that CED of the polymers plays an important role in the transport of small molecules. To further discuss the effect of CED, analyses of International Journal of Polymer Science the coefficients of determination, 2 , resulting from linear regressions based on (2) and (3), have been carried out. From the coefficients of determination, 2 , listed in Table 1 , it can be noted that permeability of the EVA materials to N 2 and O 2 can be much better described by a linear function of CED/FFV than by that of 1/FFV. It shows that CED is a significant factor influencing permeation of these molecules. The effect of CED can also be seen when comparing the permeability of EVA25 and that of a blend containing 51% of VA. As demonstrated by the data in Figure 2 , both materials possess nearly the same FFV, but due to its higher CED the blend is significantly less permeable to N 2 and O 2 than EVA25. Both materials reveal, however, similar permeability to helium, indicating that permeation of this gas is less affected by CED than permeation of N 2 and O 2 . On the other hand, (3) fits the data for helium better than (2), though greater scatter of the experimental points is observed. The fact that transport of helium is the one the least dependent on CED quantity is also demonstrated by the lowest parameter value. The possible explanation of the He permeation behavior may be proposed based on considerations presented by Kumins and Kwei [23] . According to the transition state theory of diffusion, activation energy of diffusion can be expressed by the following equation:
Results and Discussion
where Δ is the internal energy of activation, i Δ is the work required to provide Δ volume increase between polymer chains, which is necessary for the diffusion of penetrant to take place, R is the ideal gas constant, and is the absolute temperature. The work expressed by the second term depends on the extent of the volume increase Δ and on the internal pressure i of the polymer. This dependence results from the fact that the work of creation of a free volume is performed against molecular interactions between polymer chains, which are reflected in internal pressure or CED (these quantities are closely related [12] ). Following Kumins and Kwei's reasoning, small gases require a relatively small increase in volume; thus, the term i Δ is relatively small and the main contribution to Δ d is the Δ + R term, which is independent of CED. Therefore, changes in d , resulting from the changes in polymer CED, are relatively small for small gases and this may explain why helium permeation investigated in this study is less dependent on CED. In the case of larger oxygen and nitrogen molecules, the necessary volume increase is larger, making the work term in (13) a significant contribution to the energy of activation. Thus, permeation of both gases is significantly affected by the changes in CED as demonstrated by the data in Figure 2 , as well as by the and 2 values presented in Table 1 . Similar results to those obtained in this work have been presented in the literature with respect to various glassy polymers [15, 16] . In the work by Thran et al. [15] , correlations of gas diffusion coefficient values with FFV determined by the group contribution method for a wide range of glassy polymers were analyzed. The correlations obtained allowed authors to claim that FFV is not the optimum polymer property to predict diffusion coefficient in polymers. They pointed out that incorporation of a third, depending on CED, term to (2) gave an equation representing experimental data better than a simple free volume model did. Based on the correlations between deviations of experimental points from regression lines for different gases, the authors proposed also that the mechanism of diffusion for small helium and hydrogen differs from that for the larger molecules and related this difference to the diffusant-dependent free volume. Similar conclusions can be found in the work by Nagel et al. concerning studies on the relationship between free volume determined by positron annihilation lifetime spectroscopy (PALS) and gas diffusion in a series of polyimides [16] . In both works, any pronounced differences were observed in the diffusion behavior for larger molecules, that is, N 2 , O 2 , CO 2 , and CH 4 . However, Thran et al. noticed a little different behavior of CO 2 with regard to N 2 , O 2 , and CH 4 [15] . He explained it as resulting either from the slightly different diffusion mechanism caused by the less spherical shape and more polar nature of the CO 2 molecule compared to other gases or from the scatter of the CO 2 diffusion coefficient values due to tendency of CO 2 to plasticize polymers. On the other hand, Jia and Xu presented a linear relationship between log and the ratio of specific free volume and cohesive energy obtained for 60 polymers of various structures and for all the gases studied, including CO 2 [14] . However, they admitted that the scattering of the data was considerable and ascribed it to the variety of the experimental permeability data sources.
The results of our studies, as demonstrated in Figure 2 or in Table 1 , show that permeation behavior of CO 2 is distinct from that observed for the other gases. From the analysis of the determination coefficient values of the linear fit to the CO 2 permeability, given in Table 1 , it can be found that both (2) and (3) approximate CO 2 permeability data with a similar goodness. The model involving CED fits the data only slightly better and the approximation is less satisfying than for oxygen and nitrogen. Taking into account chemical structure of both CO 2 and EVA polymer and the results obtained, the necessity to perform more profound studies concerning CO 2 permeation appeared. From the literature, it is known that the solubility of CO 2 in the EVA copolymers increases with the increasing vinyl acetate content [24] . Such an effect was ascribed to the presence of specific interactions, most probably of Lewis acid-base character, between CO 2 molecules and electron donating acetate groups [25] . Additionally, electrostatic forces were also suggested as those which may contribute to these interactions, since CO 2 molecules possess large quadrupole moment [25] . Because CO 2 solubility changes with a vinyl acetate content, it is probable that the assumption, on which (2) and (3) are based, that is, small gas solubility variations, does not hold for EVA/CO 2 systems. Thus, in the case of CO 2 , the dependence of diffusion coefficient, , rather than that of permeability should be more relevant. For simple free volume model, it means using (1) instead of (2) , and for the model proposed by Alentiev and Yampolskii [13] , the following relationship is to be considered:
To further discuss the applicability of both models to describe transport of CO 2 , its diffusion coefficients in the investigated materials were measured. Additionally, diffusion coefficients of nitrogen, an inert gas for which solubility is expected to be more or less constant, were also determined. In Figure 4 , the CO 2 diffusion coefficient values, recalculated for the amorphous phase fraction according to (7) , are shown as a function of 1/FFV and CED/FFV. In this figure, straight lines representing linear fit to the experimental data are also shown. From the fitting parameters, coefficients of (1) and (14) were calculated and listed in Table 2 . Based on the determination coefficients values, it may be found that the model which takes into account the materials CED describes CO 2 diffusivity data much better than a simple free volume model. Thus, considering the permeability results for N 2 and O 2 , and the results for CO 2 diffusivity, it may be concluded that transport of these gases is significantly affected by both FFV and CED. Similarly, permeation of helium, despite being less dependent on both quantities, is better approximated by the model involving CED. Additionally, the results obtained prove that CO 2 permeability variation among investigated materials is significantly affected by variations in its solubility. The comparison of (ln versus CED/FFV) and (ln versus CED/FFV) parameters for CO 2 transport, which are 1.6 and 5.9, respectively, reveals that diffusivity changes with CED/FFV much more than permeability does. If solubility does not vary significantly, then the slopes of the regression lines, and , should be similar because more or less constant provides more or less constant shift to each experimental point, when diffusivity is replaced by permeability. This is confirmed by the data obtained for nitrogen, which is an inert gas, interacting very weakly with macromolecules, and the solubility of which is not expected to vary considerably among the EVA materials. Figure 5 Figure 6 : Amorphous phase gas solubility variations with VA content in EVA copolymers (∘, ◼) and EVA copolymer blends (+, * ). Note that different scales below and above break on the vertical axis were used. and (ln versus CED/FFV) for N 2 transport, which are 3.1 and 3.6, respectively, differ from one another only by 16%. This is much less than the almost fourfold difference between those parameters determined for CO 2 transport.
To illustrate the solubility differences between CO 2 and N 2 in the investigated materials, the permeability and diffusivity data have been used to calculate the solubility coefficients values according to (10) . The calculated values plotted as a function of the vinyl acetate content are shown in Figure 6 . As can be seen from this figure, CO 2 solubility varies as much as by a factor of 6 among the EVA materials, whereas the differences in nitrogen solubility are significantly smaller and do not exceed a factor of 1.7.
Conclusions
It was found that transport of small gases such as N 2 , O 2 , He, and CO 2 through EVA copolymers can be much better described by a model taking into account cohesive energy density of the materials than by a simple free volume model. Moreover, the results obtained show that the variations in the amount of the specific functional groups present in the polymers limit the applicability of (2) and (3) to describe transport of gases such as CO 2 , able to interact with those groups. For those systems, the respective correlations should be used in their basic form, involving diffusion coefficient instead of the permeability one. Based on the correlations discussed, it can also be concluded that the methods used to calculate FFV and CED do not introduce large errors to these quantities allowing for estimation of their dependence on vinyl acetate content, for both EVA copolymers and their blends, with rather good accuracy.
